A contribution of counter electrode (CE) emphasis a great impact towards enhancement of a dye-sensitized solar cells (DSSC) performance and Pt based CE sets a significant benchmark in this field. Owing to cost effective noble metal, less abundance and industrial large scale application purpose, an effective replacement for Pt is highly demanded. There are several approaches to improve the performance of a CE for enhancing the power conversion efficiency with a less costly and facile device. To address this issue, reasonable efforts execute to find out suitable replacement of Pt is becoming a challenge by keeping the same electrochemical properties of Pt in a cheaper and eco-friendlier manner. With this, cheaper element based quaternary chalcogenide, Cu 2 ZnSnS 4 (CZTS) becomes a prominent alternative to Pt and used as a successful CE in DSSC also. This review presents brief discussion about the basic properties of CZTS including its synthesis strategy, physicochemical properties and morphology execution and ultimate application as an alternative Pt free CE for a low cost based enhanced DSSC device. It is therefore, imperative for engineering of CZTS material and optimization of the fabrication method for the improvement of DSSC performance. © 2018 Author (s) 
I. INTRODUCTION
The prosperity of human society largely relies on safe energy supply, and fossil fuel has been serving as the most reliable energy source. Human activities are closely dependent on the use of several forms and sources of energy to perform work. The energy content of an energy source is the available energy per unit of weight or volume, and the challenge is to effectively extract and use this energy without significant losses in conversion, transportation or utilization. 1, 2 Thus, the more the energy consumed, greater is the amount of work accomplished. By implication the economic development is thus directly correlated with greater levels of energy consumption. However, as a non-renewable energy source, the exhaustion of fossil fuel is inevitable and imminent in this century. To address this problem, renewable energy especially solar energy has attracted much attention, because it directly converts solar energy into electrical power leaving no environment affect. Renewable energy is the energy derived from the available sources can be tapped from sun, wind, ocean, hydropower, biomass, geothermal resources, biofuels and hydrogen derived from renewable resources. 3, 4 Renewable energy resources are available in wide geographical areas, in contrast to other energy sources, which are concentrated in a limited number of countries. Rapid deployment of renewable energy and technological diversification of energy sources would indeed result in significant energy security and economic benefits. Among all the renewable energy forms, solar energy has showed its advantages and potential for power generation. This field is growing fast; it can be seen from Fig. 1(a) that the publications on "solar cells" increased according to the literature search based on ISI Web of Science and WIOP (2017). 5 As compared to silicon-based and thin-film solar cells, the third-generation solar cells such as dye-sensitized solar cells (DSSCs) and perovskite solar cells (PSCs) have the potential for a lower processing cost in the emerging PV fields. Reports on integrated devices based on DSSCs are more numerous as compared to PSCs based on the maturity of the DSSC technology. To date, the DSSC technology excels with inherent low toxicity, low cost, and increased long-term stability which has been realized by commercially also. Recently, PSCs have paid much attention due to its highly scalable and integrated photovoltaic performance over DSSCs and as a result it appears as a strong contender in terms of publications for DSSCs. The development of the device configuration can generate a key advance in cell efficiency and fabrication process of PSCs, from DSSCs, was accompanied by a dramatic advance in photo-current conversion efficiency (PCE). Although the cell efficiencies of the third-generation solar cells are at present still lower than those of silicon-based and thin-film solar cells, the total cell efficiency of the tandem devices combining PSCs with silicon based solar cells is expected to exceed Shockley-Queisser limit in the near future.
The main obstacle for harvesting of solar energy in large scale is that the existing photovoltaic devices do not exhibit high enough solar to electric power conversion efficiencies with both cost effectiveness and necessary longevity which promotes the researchers to take new initiatives for harvesting incident solar photons with greater efficiency and economical endurance. Among the various solar cells, dye-sensitized solar cells (DSSCs) have attracted much attention because of its low cost, facile fabrication, faster energy payback time and diverse modification. [6] [7] [8] [9] The basic aim of DSSCs lies on higher solar to electricity conversion efficiencies with lower production costs, flexibility and eco-friendliness. The key idea of the technology being photoelectrochemical in nature closely resembles with natural photosynthesis process. Like chlorophyll in plants, a monolayer of dye molecules (sensitizer) absorbs the incident light, giving rise to the generation of positive and negative charge carriers in the cell. DSSC provides a technically and economically credible alternative concept to present day p-n junction photovoltaic devices. A DSSC device can basically constructed with semiconducting oxide/sensitizer/electrolyte/counter material combined photoelectrochemical cell. So an efficiently functional device can only be achieved by proper selection of semiconducting oxide/sensitizer/electrolyte/counter material through which the loss of electron rather current could be effectively minimized. Many research experiments have been made for DSSCs in order to achieve high-performance devices. 10 Each component of the cells vitally influences the cost, cell performance and durability. Therefore, in the past years, the materials used in DSSCs have experienced rational design and careful modification including the fabrication of nanostructured semiconductor photoanodes with effective dye loading and fast electron transport, the synthesis of versatile quantum dots (QDs) with high absorption coefficients and appropriate band gaps to maximize light harvesting, the preparation of redox electrolytes with strong capacity for efficient hole transport and long-term stability, and the formation of various CEs with high electrocatalytic ability in reduction of the oxidized electrolyte. Usually Pt nanoparticle coated on fluorine doped SnO 2 (FTO) glasses as obtained by thermal decomposition, sputtering or chemical reduction is used as the counter electrode. Pt counter electrode is very efficient in I -/I 3 -redox regeneration (the conversion of I 3 -to I -occurs on the surface of Pt) which in turn helps in the regeneration of oxidized dye. Thus, platinum acts as catalyst for the charge transfer reaction occurring between iodide and tri-iodide. However in view of the high cost and scarcity of Pt, significant efforts are directed towards replacement of this Pt catalyst with other low cost, earth abundant, non-toxic materials. [11] [12] [13] Based on the above selection criteria, potential of many materials have been evaluated for applications as the CE of DSSC, and good progress has been achieved. Some of the novel CE materials exhibit properties that are more advanced than Pt and might be helpful to promote commercialization of DSSC. According to the material composition, the CEs can be made of Pt or other metals, carbon or transition metal compounds, conductive polymers, and composites. Although the classical highest efficiency is based TiO 2 as working electrode and Pt as counter electrode, [14] [15] [16] the highest photo-current conversion efficiency (PCE) ∼ 9.33% is achieved in TiO 2 /N719/Pt device in the presence of I -/I 3 -electrolyte whereas the PCE is enhanced to 12.3% upon change in the dye with Y123-YD-o-c8 and electrolyte with Co 2+ /Co 3+ . 17, 18 On the other side, Mathew et al. (2014) reported a till date highest PCE of 13% for a DSSC fabricated with TiO 2 /molecularly engineered porphyrin dye/Graphene nanosheets in presence of Co 2+ /Co 3+ redox shuttle. 19 Each layer of DSSC determines the materials and fabrication cost. In the past years the researches have mostly focused on efficiency enhancement through modification of the major components of DSSC such as morphology of the oxide-based photoanode and counter electrode, [20] [21] [22] [23] size control, 24 scattering layer, [25] [26] [27] surface treatment, 28, 29 sensitization with various dyes 30-34 using of scattering layer over photoanode oxide, implementation of photoanode alternative to TiO 2 , redox electrolyte, counter electrode, etc. The CE is an important part of a DSSC device. Reduction of the redox electrolyte and the collection of electrons received from the external load to the electrolyte is the active responsibility of a CE. Noble metals are more acceptable as a CE's due to its superior catalytic activity and faster redox property. Also, high conductivity for charge transport, good electrocatalytic activity for reducing the redox couple and excellent stability are the major contribution for choosing noble metal such as Pt, Au, Ag based CE. 35, 36 However, as a noble metal, Pt becomes a trendsetter for applications as CE in DSSC that determines the main part of cost of the DSSC and limits its large scale applications. Superior catalytic activity, flexible electrochemical performance, good conductivity, high active area, cheaper and greener synthesis and fabrication techniques, effective performance is expected from CE alternative to Pt in DSSC. Recently graphene and other carbon based composites, [37] [38] [39] 44, 45 exhibited performance that is competitive to Pt. The research has led to large increasing number of publications. Fig. 1(b) represents a pie chart represents publications under the topic of counter electrodes in DSSC. The high price and weak corrosion resistivity in liquid electrolyte are the other key concerns in the necessity to replace the Pt CEs with other materials. Today, several alternatives have been explored as replacement to Pt that is more advanced than Pt in catalytic activity, price, abundance, and durability. They are carbon, metal sulfide and oxide based, transition metal nitrides and carbides, polymers and carbon-polymer composites and other composites. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] Remarkably, all the alternative CEs are established as a potential replacement to Pt in due course of its synthesis strategy, morphology-size tunable property, fabrication policy etc. The reported alternative CEs mainly concentrating on different synthesis processes which can lead to industrial scale manufacturing. 
II. OBJECTIVE
CZTS is one of the very popular materials in inorganic thin films photovoltaic technology that consists of non-toxic, cheap and earth abundant elements Cu, Zn, Sn and S. In spite of thin film solar cell application, CZTS can be found as a recent approach towards non Pt based CE based research perspective. 56, 57 CZTS based CEs are reported to exhibit better performance than Pt CE. Potential of CZTS for applications in DSSC as CE is relatively new. Reduction of the redox electrolyte and collection of photogenerated free electrons received from the external load to the electrolyte is the expected functionality from CE. This review will focus on the latest developments and highlights, challenges, and perspectives of using CZTS as CE in DSSC. At first, some basic information about physical and chemical properties of CZTS will be briefly addressed. The methods of synthesis of CZTS are the other important point that was well developed for applications as solar absorber in CZTS cells. This issue needs critical analysis in connection to the novel application as CE. First, the fundamental concept of the DSSC solar cells will briefly be reviewed. This will be followed by counter electrode role in a DSSCs and importance of CZTS. Subsequent sections are dedicated to the synthesis methods and available counter electrode materials for DSSC applications. In the next section the importance of the CZTS material including its structural and physico-chemical characterization will be highlighted. This will be followed by recent advances of CZTS based counter electrode performance in terms of their fabrication technique, various morphology and great electrocatalytic activity for DSSCs will be highlighted. We aim to elaborate the rational strategies in CZTS counter electrode development in DSSC applications.
III. FUNDAMENTALS OF DYE SENSITIZED SOLAR CELLS
Helmut Tributsch and Melvin Calvin had mimicked this phenomenon of photosynthesis process by utilizing the electrochemical properties of chlorophyll in an extra cellular environment for the generation of electricity from sunlight which brought forth the DSSC device. 14-16 DSSC usually contains photoanode, sensitizer (dye), electrolyte and counter electrode (CE) material, as shown in Fig. 2 . It is a sandwich device assembled of two electrodes and electrolyte producing electrical current through redox reactions upon illumination of sunlight. Both electrodes are placed parallelly to each other and the electrolyte is sandwiched between them. A monolayer of the light-sensitive charge transfer dye has been further attached to the semiconducting oxide film. The electrically conducting glass substrate coated with a thin layer of Pt catalyst acts as the counter electrode. This has been placed parallel with a face to face configuration to the working electrode. The interspacing has been filled with the liquid or solid electrolyte that plays a role of conducting media. 14 The example of design of a complete DSSCs device has been illustrated in Fig 
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AIP Advances 8, 070701 (2018) of sensitizer. 58 The thin layer of platinum coated on conducting glass acts as the CE. Upon illumination by the sunlight, the dye molecules absorb photons of wavelength equal to or exceeding the energy difference between its highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Electrons from the ground electronic state of dye get promoted to the excited state, the so-called photoexcitation of dye, which is equivalent to the electron injection to the conduction band (CB). These photoexcited free electrons are then transported through the semiconductor by diffusion to reach the transparent conducting layer deposited on the glass substrate. The iodide ion (I -) then donates electron to the oxidized dye at anode and regenerates the dye molecules. The oxidized (ox) species of electrolyte i.e. triiodide (I 3 -) in iodide-triiodide (I 2 /I 3 -) complex, is reduced to iodide at the cathode. The above processes go in cycle. As a consequence electrical current flow continues through the external circuit as long as the sunlight is incident on the cell.
In DSSCs, the transportation of charge carriers from the photoanode to the CE meets various electrical resistances, including: the series resistance (R S ) comprising the sheet resistance of TCO/glass and the contact resistance of the cell; the resistance at TCO/SMO contact (R TCO-SMO ); the transport resistance of electrons in the SMO film (R SMO ); the charge-transfer resistance of the charge recombination between the electrons in the SMO film and I 3 -in the electrolyte (R CT ); the Warburg parameter describing the Nernst diffusion of I 3 -in the electrolyte; the charge-transfer resistance at the CE/electrolyte interface (R CE-electrolyte ); and the charge-transfer resistance at the exposed TCO/electrolyte interface (R TCO-electrolyte ). In DSSCs, the charge-transfer resistance at the CE/electrolyte interface (R CE-electrolyte ) is often dominant among multiple charge-transfer resistances, and thus the R CT often refers to R CE-electrolyte , if there is no special note. Among these charge-transfer resistances, the series resistance (R S ) and the charge-transfer resistance at the CE/electrolyte interface (R CT ) are enslaved to the CEs. The series resistance of a solar cell dominates fill factor losses, especially in large area commercial solar cells. A smaller series resistance (R S ) will give a higher FF, which results in a high conversion efficiency. [59] [60] [61] 
IV. ROLE OF COUNTER ELECTRODE
CE must be catalytically active possessing high electron collection efficiency from the external load to the electrolyte for its regeneration and reduce the overpotential of the device. As mentioned earlier, CE mainly promotes the electron transfer from the external circuit back to the electrolyte at the surface of CE/electrolyte interface and accelerates the electrolyte reduction. 35 Thus, the main function of a CE is to speed up I 3 -reduction towards I -, which then regenerates the dye molecules. Therefore, CEs with the characteristics of both excellent electrocatalytic activity for I 3 -reduction and high electrical conductivity for electron transport are desirable. However, the CE materials do not exhibit both high electrical conductivity and catalytic activity at the same time. When the catalytic properties of the CE materials cannot sustain the required electrical current, the effective exchange current must be enhanced by increasing the CE surface area. As the higher surface area of the CE produces more catalytic sites for the electrolyte reduction, which is favorable for the regeneration of the dye sensitizer, imparting porosity to the catalysts, the supports, or both, is desirable for enhancing the catalytic activity of CEs. Generally, Pt has proven to be a good CE catalyst in liquid state DSSCs. However, for practical and economic considerations, a series of high-performance Pt-free CE materials are needed and particularly design to maximize its function and to meet the compatibility demands in a wider range of DSSCs containing alternative CE catalysts. Only in this case can those materials deposited on transparent conducting oxide-based (TCO) substrates be effectively utilized as a CE for DSSCs. It is difficult to maintain all such ideal parameters like 80% optical transparency at a wavelength of 550 nm, 20 Ω sq -1 sheet resistance (R SH ) and 2-3 Ω cm 2 charge transfer resistance (R CT ) for a single material. 62 Thus an effective strategy is to replace Pt coating layer on the surface of glass substrate with a highly active and cheaper hybrid materials, utilizing a combination of different materials in the design of CEs will likely produce synergetic effects that greatly enhance the relevant parameters for state-of-art CE operation. This strategy is very popular in exploiting alternative Pt electrode. Also, CE surface roughness affects the performance of the DSSC in the sense that as the surface roughness increases the conversion efficiency increases because the voltage drop on the As the larger is the counter electrode area, the larger is the surface for the electrochemical reaction and consequently the larger is the electrode current for the same voltage drop on the electrode. 63 It is also important to deal with the electrochemical impedance spectroscopy (EIS) analysis to select a CE for DSSC application. EIS reveals also the information about electrode/electrolyte interface. Catalytic properties of CE can be studied by measuring the charge transfer resistance (R CT ) between the electrode and the electrolyte. To determine the R CT of CE, a symmetric CE-electrolyte-CE device is often used in order to give more detailed description of the CE by eliminating the photoanode effects. Typical impedance spectra of a symmetric dummy cell and its equivalent circuit are revealed by a Nyquist plot which depicts the change in R ct . R S represents the total ohmic resistance offered by the two electrodes and the electrolyte. A systematic flow chart, as shown in Fig. 4 describes about the materials synthesis, characterization and performance evaluation to be an active non Pt based CE for DSSC.
In case of the CZTS-based DSSC, a plausible electron transfer mechanism has been illustrated in Fig. 5(a) . 64 The open-circuit voltage, V OC (0.7-0.8 V) is usually governed by the Fermi energy around the CB (E CB ) of TiO 2 (E CB : -0.5 V vs normal hydrogen electrode (NHE)), and the oxidation reduction potential of I − /I 3 − (0.33 V vs NHE) in case of a conventional DSSCs device. 64 However, V OC of the TiO 2 /CZTS DSSCs is determined by the quasi-Fermi levels above the VB of CZTS and below the CB of TiO 2 . In many cases of p-type bulk semiconductors, the flat band potential (E FB ) from the current-voltage curve of the photocurrent response can be comparable to VB. In Fig. 5 (a) the green arrows signifies the possible electron transfer, and the dashed yellow arrows indicate the possible electron recombination. In overall, high catalytic activity and flexible electrochemical properties leads to set a CE material for DSSC. It also becomes a challenge for the CE with respect to Pt in DSSC to produce higher efficiency. Therefore, many studies have been carried out to reduce the amount of Pt in DSSCs and/or to explore alternatives to Pt. Remarkably, some new catalysts behave better than Pt for Fig. 5(b) . 48, 49, 65 In contrast to common oxides, CZTS, as a direct band gap semiconductor, has the band gap energy of ∼1.4-1.5 eV and is close to the optimal band gap energy of 1.45 eV. In addition, CZTS has a high absorption coefficient >10 4 cm -1 along with intrinsic p-type conductivity of CZTS also makes it a suitable CE due to the fast transfer of photo-generated holes and further efficiency. [94] [95] [96] CZTS nanocrystal-based approaches start with the controlled synthesis of nanocrystals and end with the deposition and post treatment of films. CZTS thin films have been prepared by various methods such as spray, thermal evaporation, and spin for solar cell applications. recently reported a highest efficiency of 8.67% by using the semi-transparent two dimensional leaf-like CZTS plate arrays in-situ growth on a FTO glass substrate without going any post-treatment. 97 The overall PCE of CZTS CE's are still lesser than the Pt and carbon based CE materials and further studies like fabrication technique, synthesis strategies, doping, tuning of optical properties are also need to be monitor for improved performance of the CZTS based CE (Fig. 5(b) ). In this review, we have highlighted glimpse of such methods towards effective performance as a low cost material based CZTS CE which can highlights the possibility to use as an alternative to Pt CE in DSSC. At the same time, implementation of CZTS CE could pave way to future developments in the area of DSSCs. With this, becoming a non Pt based material, a thorough study on the recent performance of CZTS based CEs are also included in this review later. At the same time we have focused on the performance evaluation of synthesis, morphology and fabrication of CZTS films for DSSC in this review. We have also highlighted over phase purity, synthesis strategy, morphology variation and film fabrication developments of CZTS CEs and its performance towards DSSC. As a non Pt based material, the quaternary chalcogenide complex CZTS has effectively becomes a significant replacement and with this here we are reporting also the physicochemical properties of cheaper CZTS towards the extraordinary performance of a successful replacement of costly Pt. 98 The chemical states of the elements in the CZTS material in the depth direction were studied to identify the presence of secondary phases, which are detrimental to the performance of solar cells containing CZTS. A quaternary chalcogenide, CZTS is an emerging solar cell material having earth-abundant, low toxic and low cost elements, near-optimum direct band gap energy of ∼1.5 eV and a large absorption coefficient (>10 4 cm -1 ). The crystalline structure of CZTS consist the chalcopyrite structure which indicating that its unit cells can be obtained from the chalcopyrite structure by substituting half of the indium atoms with zinc atoms and the other half with tin atoms. CZTS can be crystallized in kesterite (KS), stannite (ST), or primitive mixed Cu-Au (PMCA) structural arrangements (Fig. 6) . 9 KS and ST structures are body-centered tetragonal and may be thought of as two sulfur facecentered cubic (fcc) lattices stacked on top of each other with Cu, Zn, and Sn occupying half the tetrahedral voids within this FCC lattice. The PMCA structure is primitive tetragonal. The differences in the arrangement and stacking of the metal cations within the tetrahedral voids give rise to these three different structures. Specifically, the KS structure consists of two alternating cation layers each containing Cu and Zn or Cu and Sn, whereas in the ST and PMCA structures, a layer of Cu alternates with a layer of Zn an In the ST structure, the Zn and Sn atoms on the same layer switch their positions every other layer. This location swapping between Zn and Sn, every other layer, is absent in PMCA, which makes it primitive tetragonal and distinguishes it from the ST structure. In all these structures, the sulfur FCC sublattice determines the unit cell dimensions, and the X-ray diffraction (XRD) is not sensitive to the metal cation arrangement. As a result, within experimental broadening of the diffraction peaks, it is a challenge to differentiate between KS, ST, and PMCA structures using XRD. Similarly, it is difficult to distinguish XRD peaks corresponding to CZTS, ZnS, and SnS. There are other unwanted secondary phases are also derived as ZnS, Cu 2 S, SnS 2 , Cu 2 Sn 3 etc. during the synthesis of CZTS nanocrystals. Therefore, development of phase pure CZTS crystals are significantly depending on the methods used to prepare the material. [99] [100] [101] [102] [103] [104] [105] [106] As it was reported in theoretical studies of CZTS by the effective medium theory, the secondary phases of Cu 2 S, SnS can cause engineering of the band gap and will influence on light absorption properties of the material. 107 Depending on fill factor of some of the secondary phases, intermediate bands can be formed also. 108 Similar intermediate bands can be observed in the CZTS-SnS 2 system also. 108 The secondary phases play important role in electrical conductivity of CZTS At large concentrations of the secondary phases of ZnS and SnS 2 p-n junction might be formed that is localized around the secondary phase. These secondary phases might cause large scatter in not only in band gap and light absorption, but also in charge carrier lifetime, concentration and mobility. Thus, they can play key role in device performance. This unwanted secondary phase in CZTS can avert the DSSC performance. The chemical composition of CZTS thin films can be controlled fairly well by simply varying the concentration of the precursor solution. Table II summarizes the secondary phases developed during the synthesis or post treatment of CZTS which are also bearing significant physicochemical characters to interrupt the overall efficiency. 109 There is a competition between phase pure CZTS growth and the growth of binary [Cu 2 S, ZnS, SnS, and SnS 2 ] and ternary phases [Cu 2 SnS 3 ] counterparts as the material itself possessing complexity of this quaternary complex due to having three metal cation and one metal anion. The CZTS phase formation is more complex and narrow in phase stability, as seen in Fig. 7 . [65] [66] [67] [68] Just et al. (2016) has investigated secondary phase formation and their influence in the formation of kesterite phase of CZTS by X-ray absorption near edge structure (XANES) analysis at the chalcogen K-edges. X-ray absorption near edge structure which enables the quantification of secondary phases 
VI. CURRENT TREND OF Cu 2 SnZnS 4 BASED COUNTER ELECTRODES
CZTS CEs are finally implemented as an alternative, Pt free electrode in DSSC and their performance in the basis of varieties of synthesis techniques, morphology and film fabrication process are summarized in Table III . 45, 55, 64, 97, 100, [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] Performance of CZTS could be enhanced after treatment with TiCl 4 , making composite with another alternative electro-catalysts such as graphene, carbon or may be variation in the precursor concentration or film deposition mechanism. In situ fabricated CZTS film was shown periodic deposition upon tuning the concentration of CZTS precursor and ethanol during solvothermal synthesis process and designated as CZTS 1,2,3 4, and 5. The digital image of the fabricated films was shown in Fig. 8(a) as executed by . 64 The same film was further taken for TiCl 4 treatment which has increased the surface roughness of the substrate by forming a thin TiO 2 seed layer, and it is beneficial to generate an even film with strong contact with the FTO substrate ( Fig. 8(b) ). 64 In-situ growth CZTS nanoleaf based CE shows till now a highest efficiency of 8.67% as reported by . 97 This highest efficiency achieved might be due to high catalytic surface area, fast photo-generated electron transport at the CE/redox electrolyte interface, remarkable electrocatalytic activity for I 3 − reduction, low charge transfer resistance toward the reduction of I 3 -ions, and high diffusion coefficient of the I 3 -even without any post-treatments and schematically represented in Fig. 8(c) . The microstructure images of the same film have been illustrated in Fig. 8(d)-(g) . 97 This result remarkably proves that CZTS can be a better alternative in replacement of Pt.
As mentioned, leaf like CZTS exhibits the maximum efficiency of 8.67% which is ∼44% enhanced efficiency than Pt used CE under the same condition as shown in Fig. 9(a) . 51 Inset of the same plot, a schematic of CZTS based DSSC system has also been given. The EIS study further elucidate about the catalytic activity of the different synthesized CZTS with Pt in the presence of I 3 -. In Fig. 9(b) , a comparable R SH of CZTS-6h (4.98 Ω.cm -2 ) to Pt (4.67 Ω.cm -2 ) reflects successful replacement of Pt in DSSC. 97 The small value of CZTS CEs indicates also a good bonding strength between in situ CZTS films and FTO substrates, which in turn promotes the transfer of more electrons from the external circuit or of holes from the electrolyte to the CEs. Solvothermally prepared CZTS films exhibited the highest efficiency of 5.65% than 4.96% by using Pt (4.96%) as alternative CE as reported by , 125, 126 corresponding J-V plot has been given as Fig. 9(c) . 64 A typical Nyquist plot and equivalent circuit are illustrated in Fig. 9(d) of the same device in presence of iodine electrolyte. The R SH value of CZTS and Pt demonstrates that the CZTS 3 electrode (4.41 ohm cm -2 ) has a superior electrocatalytic activity as compared to that of Pt CE (10.67 ohm cm -2 ) for I -/I 3 -redox reaction with a smaller charge transfer resistance in electrolyte At the same time, the R CT value of CZTS 3 electrode (2.40 ohm cm 2 ) is lower than that of Pt (3.83 ohm cm 2 ) further proving that these CZTS nanostructures are good candidates for Pt-free CE fabrication in DSSCs,. The lower value of R CT signifies to an increase in the electro-catalytic activity of the CE, resulting in acceleration of the higher electron-transfer process at the electrolyte/CE interface. 64, 115 Partial replacement of S with Se could lead to the efficiency enhancement to 7.52 % as reported by . 100 Kong et al. (2013) has also studied performance of CZTS according to synthesis of one pot route where wurtzite and kesterite both the phases are evaluated to understand the effect of phase purity towards CE application and wurzite phase of CZTS shows enhanced efficiency than kesterite even better than Pt. 120 Spray coated CZTS films are also capable to deliver effective replacement of Pt as reported by Swami et al. (2014) . 123 An interesting result is also observed by by low cost electrospin technique is exceptionally better than same Pt as a CE. 117 With this, significant contribution reported by using CZTS CEs upon variation on different synthesis procedure and hence morphology along with in-situ film fabrication method of CZTS exhibits competitive performance as a suitable replacement of Pt as concise in Table III . Graphically, the FF is a measure of the "squareness" of the solar cell and is also the area of the largest rectangle which will fit in the J (current density) -V (voltage) curve. Therefore, in Table III we tried to compare all the reported efficiencies expand the possibilities for developing low-cost and scalable DSSCs by using CZTS based CE that dispose of the need for expensive and scarce Pt. Existing of multi phases causes low Voc, which is the major factor limiting the current efficiency of CZTS CE. On the other hand, a well-developed CZTS crystallites (and thin-film layers) have never exhibited tunable band gap(s). Therefore, one of the key effective recipes allowing the realization of high Voc as well tunable band gap is that doping and metal ion impregnation which can able to tune the opto-electronics property of the CZTS lattice without forming extra phases. On incorporation of Se in CZTS as CZTSSe, the band gap values are variable followed by enhancement of V OC . 127 The high carrier concentration and low resistivity mean high electrical conductivity, which would result in the wurtzite CZTS that is more favorable when used as CE in DSSC. In addition to the aforementioned properties and performance evaluation, there are others various factors that must be taken into consideration when determine the most component DSSC. 128 With this theoretical screening study for more low-cost and high-efficiency CE materials are expected to be designed and fabricated through adjusting the local geometrical and electronic structures of certain functional materials. Recently, Kirubakaran et al. (2018) has developed CZTS counters using cost effective jet-nebulizer spray pyrolysis technique, exhibited an efficiency of 2.7%. 129
VII. SYNTHESIS AND MORPHOLOGY EVALUATION OF Cu 2 SnZnS 4
Ultrasonication, solvothermal, hot-injection method, electrospinning are the major synthesis strategy to prepare phase pure CZTS nanocrystals. On synthesis procedure and precursor alteration, CZTS can alter its morphology according to that. It is important to deal with size, shape and morphology of the synthesized CZTS powders before implement to its CE application. For CZTS synthesis, as the solubility of intermediates decreases in the following order: ZnS > SnS > SnS 2 > CuS > Cu 2 S ion exchange of pre-deposited ZnS with tin ion first and then copper ion could be favorable. 50 The final reaction could take place under heat treatment as per the equation (1) 100 Xie et al. (2013) has already reported that tuning the morphology can directly affect performance of CE by variation of concentration of Zn 2+ during the synthesis. 130 Besides that, variation of molar concentration of [Cu 2+ ]/[Zn 2+ ] has also remarkably influence on the overall band gap, as reported by . 131 In order to control the formation of the secondary phase, cations and anions are replaced with Fe, Mn, and Se in CZTS and the band gap and the micro structure of CZTS has also been studied. 132 A simplified synthesis strategy has been demonstrated for a range of quaternary chalcogenide nanoparticles of different quaternary/pentanary inorganic chalcogenides by thermolysis of metal chloride precursors using long chain amine molecules. In the synthesis aspects, has used sodium thiosulfate powders as the sulfur source, but not sulfur powders. 133 Thiosulfate transforms H 2 S and sulphate anion through disproportionation reaction where H 2 S acts as an in-situ sulfide source of CZTS and sulphate anion functioning as a protective layer on the as prepared CZT precursor. Xiao et al. (2015) demonstrated that the low-toxicity 3-mercaptopropionic acid (MPA) can play an important role as an auxiliary ligand in the precursor solution during the synthesis of CZTS which can avoid precipitation and noticeably improve stability of the precursor solution from ∼3 hours to 1 week. 134 Coughlan et al. (2015) have investigated the evolution pathway of CZTS nanocrystals revealing that copper sulfide nanoparticles form in the early stages of the reaction before the progressive incorporation of tin and zinc to form stoichiometric CZTS by varying the copper precursor salt and amine concentration. 135 Plasmonic Au Nanoparticle core is actually helps to CZTS nanocrystalline shell in a core-shell mechanism manner to develop Au@CZTS coreshell nanostructures which actually enhance the efficiency of the device as reported by . 136 Expect disk, plates and particles nanorods can be also prepared by a facile solvothermal method as reported by Miyauchi et al. (2012) . 137 Interestingly, CZTS in form of nanofibers has also been prepared by Mali et al. (2014) by electrospinning process using the polyvinylpyrrolidone (PVP) and cellulose acetate solvent separately. 117 A preferential crystallization along CZTS crystal direction around fiber surface was achieved by electrospinning method as reported by Mu et al. (2015) . 138 Qing et al. (2016) developed a convenient and environment-friendly two-step heat-up method to fabricate pure phase wurtzite CZTS at relatively low temperatures under atmospheric condition. 139
VIII. Cu 2 SnZnS 4 : VARIOUS FILM FABRICATION TECHNIQUES
Among the fabrication methods proposed above, in-situ direct film processing techniques of CZTS have shown their remarkable potential for constructing low-cost, large-scale, and highperformance DSSCs. Spin coating, spray coating, DC sputtering, successive ionic layer adsorption reaction (SILAR process), electrodeposition, hydrothermal/solvothermal direct processes are much 2015) and Shinde et al. (2012) has reported SILAR processed CZTS thin film that can be used as CE in DSSC. 143, 144 examined combination of TiCl 4 pretreatment and in-situ solvothermal growth to prepare the CZTS electrodes on FTO substrate. 64 carried out CZTS film fabrication by an environment friendly way followed by binary sulfide nanoparticles were pre-synthesized in aqueous solution and then spray deposited onto glass substrates. 145 A simple and eco-friendly approach for preparing CZTS powders and screen-printing process was followed by Shen et al. (2013) . 114 Various in-situ film fabrication processes have been schematically illustrated in Fig. 11 . The above mentioned reports indicate that numerous processes can be successfully applied to deposit the CZTS based film.
IX. SUMMARY
Having several opportunities on prior modifications, DSSC offers significant non-conventional power production technique in an easier, cheaper, greener and clean technology aspect. Being considerable part of DSSC cell set up, counter electrode (CE) can play crucial role towards electron migration and redox cycle completion along with the sensitizer/electrolyte using in that concern cell. Due to having excellent stability and high catalytic activity Pt set up a benchmark as a CE for DSSC. But, due to uses of expensive noble metal and industrial scale up purpose it's a crucial requirement to set a prominent alternative of Pt. In due course, cheaper CZTS plays an effective replacement of Pt
